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In this article, the finite element and cellular automata models are coupled to determine static recrystal-
lization kinetics after cold deformation of low carbon steels. The deformation analysis is first performed to
predict the strain, stress, and stored energy distributions within the deformed steel employing the finite
element software, ABAQUS. Then, the kinetics of static recrystallization and distribution of recrystallized
grain size are evaluated by means of a cellular automata model together with the stored energy calculated
by the deformation analysis. To examine the predictions, the experimental results of recrystallized fractions
and grain sizes after cold side-pressing of low carbon steel are compared with the predicted ones, and a
reasonable agreement is achieved.
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1. Introduction

As a general rule, cold plastic deformation leads to the
increase of dislocation density as well as stored energy within
the deformed metal, while it serves as a driving force for the
subsequent recrystallization associating with nucleation and
growth processes (Ref 1, 2). As a result, recrystallization can
strongly affect the microstructures of deformed material and the
final mechanical properties. In this regard, prediction of
recrystallization behavior is of importance to understand the
effects of process parameters on final microstructures within the
industrial parts (Ref 3, 4). Among the various modeling
approaches, cellular automata technique (CA) is considered an
applicable and powerful route to assess microstructural changes
during static recrystallization. In this method, the system is
divided into cells characterized by state variables that are
transformed according to specific rules which play the role of
governing equations and more effectively express local condi-
tions and structural details than those do the usual continuum
models. Recently, CA methods have been employed in
modeling static recrystallization (Ref 5-16) as well as dynamic
recrystallization (Ref 17-22) mainly assuming uniform distri-
bution of stored energy within the material as well as taking
arbitrarily nucleation models in recrystallization simulation.

Note that in a proper recrystallization modeling, it is vital to
know both annealing conditions and the distribution of strain
field from pervious metal processing. Therefore, integrated
model which incorporates the deformation modeling with

probabilistic laws such CA models in recrystallization simula-
tion provides a powerful tool to consider the initial strain field
on recrystallization kinetics (Ref 4). Therefore, in this study,
finite element analysis and cellular automata model have been
coupled to accurately determine the kinetics of static recrys-
tallization as well as the grain size distribution after recrystal-
lization of cold deformed steel. In order to examine accuracy of
modeling result, experimental testing has also been carried out.
First, compressing of cylindrical samples from lateral surface,
known as side pressing has been performed under different
reductions then, the deformed samples have been annealed
isothermally in different temperatures and time intervals.
Finally, the hardness values have been measured to determine
recrystallized fraction. The metallographic examination has
also been performed on the cross section of recrystallized
specimens to evaluate grain size distribution after static
recrystallization.

2. Mathematical Modeling

In this study, a mathematical model is first used to predict
stress and strain fields and the distribution of stored energy
within the cold deformed metal employing the finite element
software, ABAQUS/Explicit. The calculated stored energy
from the analysis is then utilized in the cellular automata model
to determine static recrystallization kinetics as well as to
evaluate the distribution of grain size. Accordingly, the process
of side-pressing of low carbon steel is considered in the
deformation model in which dies are taken as rigid bodies and
the sample is taken as an elastic-plastic material. According to
the geometry of deformation and sample dimensions, i.e.,
diameter of 15 mm and length of 40 mm, plane strain condition
is assumed in the deformation model. Thus, a plane strain
elastic-plastic finite element model is employed in the x-y plane
of cylindrical specimen as the deformation domain where 1600
rectangular eight-node elements are used as shown in Fig. 1. In
addition, the bottom die is constrained in all the directions, and
the top die movement was limited in y-direction, and a constant
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friction factor of 0.09 is taken at the contact region between the
die and the deforming metal.

In the next stage, recrystallization kinetics in different
regions of side-pressed steel, each of which having an area of
0.64 mm2, are modeled using a two-dimensional CA consisting
of 40000 square cells with the dimensions of 4 lm9 4 lm. The
state of each cell is defined using three rules: (1) orientation
variable with defining an integer number to each cell represent-
ing its crystallographic orientation, (2) energy variable, and (3)
sort variable determining whether the cell belongs to the
deformed state, recrystallized state, or the interface.

In the CA model, a matrix is first generated for describing
the initial grain size distribution including different crystallo-
graphic orientations and the stored energy distribution achieved
from the deformation analysis. In the second step, cells with
higher stored energy act as nucleation site according to a
probability related to the level of stored energy within each cell.
In the last step, recrystallized nuclei begin to grow into the non-
recrystallized neighbors using a probabilistic transformation
rule.

Note that the nucleation mechanism is defined based on the
assumption of site-saturated nucleation, and it should be
mentioned that nucleation and growth probability laws are
employed while the simulated microstructures should be
consistent with the experimental values. In this regard, the
mean grain size is calculated as below (Ref 11):

D ¼
ffiffiffiffiffiffiffiffiffiffi

kL2CA
N

r

ðEq 1Þ

here LCA is the size of a single cell, k represents the number
of cells in the employed lattice, and N denotes total number
of the grains. As noted above, since CA model is not basi-
cally calibrated by any physical length of time scale (Ref 4),
the appropriate LCA is determined by comparing average
grain size in simulated microstructure with the real ones
achieved from the test samples.

The distribution of stored energy is also required in
recrystallization modeling to assess a proper nucleation rate
as well as to accurately predict grain boundary mobility.
Therefore, dislocation density may be estimated using the
predicted stress field by the finite element modeling and the
following equation (Ref 1):

qi ¼
ffiffiffiffiffiffiffiffiffi

ri

aGb

r

ðEq 2Þ

here qi is the dislocation density of ri the flow stress of the
same point, G is the shear modulus, b is the burgers vector,

and a is a material constant usually taken as 0.5 (Ref 2). Fi-
nally, the stored energy in each point may be calculated as
follows (Ref 1, 12):

ED ¼ aqiGb
2 ðEq 3Þ

In order to map the stored energy distribution of the cold-
deformed sample to the CA lattice, the cross section of the
sample is first divided into several regions according to the
predicted stress field at the end of deformation operation, and
then a mean value of stored energy is allocated to each region
using Eq 2 and 3. In fact, it is assumed that the inhomoge-
neously deformed metal consists of homogeneously deformed
sub-regions.

Heterogeneous nucleation may occur during recrystalliza-
tion in which some points with high local stored energy become
preferred sites for nucleation (Ref 1). Considering the nucle-
ation rate as a thermally activated phenomenon as well as
affected by the level of stored energy, the following equation
may be employed to describe nucleation rate (Ref 22):

_N ¼ C0 ED þ EB � ECð Þ exp �Qa

RT

� �

ðEq 4Þ

where ED is the stored energy owing to dislocation density,
EB is the grain boundary energy, EC is the critical energy for
initiating new grain (Ref 23). Qa denotes the nucleation acti-
vation energy, R is the gas constant, T is temperature, and C0

is a constant. The grain boundary energy can be calculated
using the Read-Shockley (Ref 1, 20) equation as:

c ¼ cm
hi
hm

1� ln
hi
hm

� �

ðEq 5Þ

EB ¼
3c
D

ðEq 6Þ

here hi is the grain boundary misorientation between the ith
recrystallized grain and its neighboring grain, hm is the mis-
orientation of high angle grain boundary which is usually ta-
ken as 15� (Ref 1), cm is the grain boundary energy for
hi > hm, and D is the grain diameter. Besides, it should be
noted that the effect of static recovery on the stored energy
is ignored due to its slow kinetics in low carbon steels
(Ref 24).

After nucleation stage, the stable nuclei start to grow and the
difference of the stored energy between the deformed and the
recrystallized regions provides the driving force for continuing
recrystallization process. Also, the velocity of recrystallized
boundary ‘‘V’’ may be expressed by the following equation:

Fig. 1 The mesh system in the deformation model: (a) before cold deformation and (b) after side-pressing with reduction of 25%
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V ¼ MP ðEq 7Þ

where P is the driving pressure for the recrystallization which
is function of stored energy within the deformed matrix. M
represents the grain boundary mobility that may be calculated
as follows (Ref 22):

M ¼ D0b2

KT
exp

�Qb

RT

� �

ðEq 8Þ

here D0 is the coefficient of boundary self-diffusion, b is
Burgers vector, K is Boltzman constant, and Qb is the grain
boundary activation energy. In the growth step according to
the CA rule, the states of all recrystallized cells are remained
unchanged and an unrecrystallized cell stayed untouched un-
less there is a recrystallized cell in its neighborhood. If so, it
could become part of the growing grain with probability, wg

which can be calculated as below (Ref 3):

wlocal
g ¼ wPlocalM local

wPmaxMmax

� �

ðEq 9Þ

It is assumed that the velocity of grain boundary is
proportional to the pressure (Ref 1) and also, a parameter,
i.e., ‘‘Z,’’ is introduced to express the pining effect as follows:

V ¼ ZMP ðEq 10Þ

here ‘‘Z’’ is a constant which is taken as 0.7 in this study.
This factor was determined based on a trial analysis carried
out through on a series of test samples. The samples were
deformed in uni-axial tensile testing machine to ensure
homogenous deformation under two elongations of 16 and
25%. Then, the CA model was conducted on these samples
with different pinning factor ranging between 0.5 and 1.
Finally, the output of the model was compared with experi-
mental data, i.e., mean grain size as indicated in Eq 1, and
the value of 0.7 was observed to reasonably match the
experimental observations. It should be noted that through
this analysis the appropriate CA cell, LCA, size was also
determined. In fact, an optimization program based on the
mean sum square error was developed to evaluate proper
values of LCA and Z-factor at the same time for the
employed steel.

In order to verify the achieved grain size and recrystalliza-
tion kinetic, it is necessary to convert CA steps into real time.
The time step of the simulation is calculated using amount of
stored energy and length scale of cell, LCA from Eq 8 and 10 as

Dt ¼ KTLCA

ZD0b2Pexp
�Qb

RT

� � ðEq 11Þ

As mentioned before, simulation is carried out on low
carbon steel, while the corresponding parameters are listed in
Table 1.

3. Experimental Procedures

The experimental studies were carried out on low carbon
steel rod with chemical composition listed in Table 2 where the
initial mean grain size was about 130 lm. Tensile testing was
conducted according to ASTM E8M on the steel rod to obtain
nominal stress-strain relationship. Figure 2 shows the nominal
stress-strain behavior of the steel. Note that these data were first
converted to real stress-strain values as a tabulated data and
then were implemented in the model for describing the flow
stress behavior of the steel. Cylindrical specimens of 15-mm
diameter and 40-mm length were deformed utilizing side
pressing with different reductions of 15, 20, 25, and 30%.
Afterward, the specimens were cut into 3-mm length samples,
and the samples were annealed isothermally at 600 and 700 �C.
In order to determine the recrystallized fraction, samples were
first held at recrystallization temperature for different holding
durations and rapidly cooled. For each sample, the hardness
values were measured in ten regions along horizontal direction
from the center to the surface of the specimens while the
distance of each region from the center was determined based
on the results of the deformation analysis. In the final stage, the
recrystallized fraction in each region was calculated by the
following relationship:

%X ¼ HVd � HVt

HVd � HVa
ðEq 12Þ

here HVd is the hardness of the deformed material, HVt the
hardness of the annealed material at time t, and HVa is
the hardness of the fully annealed material. In addition, the
metallographic examination was performed on the cross sec-
tion of specimens after applying conventional polishing tech-
niques and etched with 2% Nital and the mean grain size in
each region was measured according to the ASTM E112.

Table 1 The parameters used in the present model

D0, m
2/s b, m G, N/m2 c, J/m2

Qa,
kJ/mol Qb, kJ/mol

1.19106 2.59 10�10 89 1010 0.6 170 140

Table 2 Chemical composition of the low carbon steel
examined in this study (wt.%)

C Mn S, max P, max N, ppm

0.06 0.55 0.003 0.003 120

Fig. 2 Nominal stress-strain diagram of the steel used in this re-
search
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4. Results and Discussion

The effective stress field achieved by the deformation
analysis for side pressing operation is shown in Fig. 3. It is
clear that the stress is distributed non-uniformly and even shear
band-like regions are formed within the steel. While the
maximum and minimum effective stresses and corresponding
stored energy are achieved at the center and the edge of the
specimen, respectively. Accordingly, the inhomogeneous defor-
mation field leads to non-uniform distribution of stored energy
as shown in Table 3. To examine the validity of FEA results,
the hardness distribution which is achieved by Vickers hardness
measurement is compared with the predicted stress distribution

as shown in Fig. 3 and 4. It is observed that there is a
reasonable agreement between the predictions and the exper-
imental results.

In this study, regions with different amount of stored energy,
namely, regions 1-10 were used in the recrystallization
modeling. The calculated stored energies at different reductions
are listed in Table 3. It is expected that as the effective stress
increases from regions 1 to 10, the stored energy also increases.
Furthermore, with increasing amount of reduction, the stored
energy is expected to be increased as well. Figure 5 shows the
nucleation steps in different regions within the deformed
specimen for reduction of 25%. It is seen that in region having
lower stored energy, nuclei are mostly formed on the grain

Fig. 3 Effective stress distribution of the side-pressed specimen for reduction of 25%

Table 3 Stored energy of deformation at different regions of the side-pressed specimens (MJ/m3)

Reduction, % 1 2 3 4 5 6 7 8 9 10

15 0.48 0.74 1.05 1.4 1.82 2.25 2.81 3.37 4.00 4.52
20 0.56 0.86 1.24 1.68 2.18 2.74 3.39 4.08 4.84 5.34
25 0.65 0.97 1.37 1.82 2.36 2.94 3.61 4.33 5.13 5.76
30 0. 78 1.01 1.55 1.98 2.54 3.33 4.20 5.06 6.25 7.5

Fig. 4 Measured hardness distribution of the side-pressed specimen for reduction of 25%
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boundaries. However, with increasing stored energy owing to
higher plastic deformations, stored energy within the grains is
high enough to promote nucleation inside the grains as
indicated in regions 8 and 10 in this figure. Figures 6 and 7
show the recrystallized microstructure of side-pressed specimen
after reductions of 15 and 30% at 600 �C. It is observed that the
minimum grain size is achieved in the center of the deformed

sample. This is because more nucleation sites are formed within
the region with higher internal stored energy (Ref 1). Compar-
ing Fig. 6 and 7, it can be seen that the grain size of each region

Fig. 5 Nucleation progress for different regions of the side-pressed specimen reduction of 25% at 600 �C

Fig. 6 Grain size distribution in different regions of the side-pres-
sed specimen reduction of 15% at 600 �C

Fig. 7 Grain size distribution in different regions of the side-pres-
sed specimen reduction of 30% at 600 �C
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also decreases with increasing reduction as it is expected. The
predicted recrystallized microstructures of the side-pressed
specimen after 30% reduction and recrystallized at 600 �C is
also compared with the metallographic results for the same
conditions in Fig. 8. It can be seen that there is a reasonable
agreement between the predicted and the real microstructures.

The metallographic observations were performed on the
side-pressed and recrystallized samples, and the mean grain
size for each region was also measured. The predicted grain
size and the experimental mean grain size are compared for
different regions under reductions of 15 and 30% at 600 �C, as
shown in Fig. 9. The grain size of the model predictions is

close to the experimental values while the average relative error
of 9% is found in grain size prediction.

Using the stored energy calculated by FEA and CA model,
the recrystallized fractions of the specimens under different
reductions were also calculated as displayed in Fig. 10. These
curves show the sigmoidal shape which agree with the well-
known JMAK (Johnson-Mehl-Avrami-Kolmogrov) equation
that can be expressed as (Ref 1):

X ¼ 1� exp �Btnð Þ ðEq 13Þ

here X is recrystallized fraction, t is time, and B and n are
material constants. It is seen that with increasing reduction,
recrystallization kinetics become faster due to higher stored
energy, while the same experimental results have been
reported by others (Ref 24, 25). In general, recrystallization
kinetics can be evaluated by the time for 50% recrystalliza-
tion (t0.5). In Fig. 11, the simulated results for 50% recrystal-
lization are compared with the experimental data which are
calculated from the results of hardness testing. It is seen that
there is a reasonable consistency between the calculated and
the experimental ones where t0.5 decreases by increasing
amount of plastic deformation, which indicates faster static
recrystallization kinetics. This result is in agreement with the
other studies (Ref 26, 27) as well as modeling studies (Ref
11, 28-31).

Fig. 8 Experimental and corresponding predicted results for grain
size distribution in different regions after reduction of 30% at
600 �C

Fig. 9 Predicted and experimental results of recrystallized grain
size in different regions after recrystallization at 600 �C: (a) reduc-
tion of 15% and (b) reduction of 25%
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Fig. 10 The recrystallized fraction vs. time in different regions at 600 �C for reduction of (a) 15%, (b) 20%, (c) 25%, and (d) 30%
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Figure 12 compares the time for 50% recrystallization at
600 and 700 �C for the specimen with reduction of 25%. As it
is expected, increasing the temperature causes higher diffusion
rate as well as increases recrystallization front velocity, and
thus, recrystallization kinetics accelerated at high temperatures.
This result is in agreement with the experimental observations
in many alloys (Ref 28). Therefore, it can be concluded that this
simulation properly considers the effect of temperature on
recrystallization kinetic.

It is interesting to mention that by increasing the stored
energy in different regions, the required time for recrystalliza-
tion completion decreases. In other words, recrystallization
completion of inhomogeneously deformed specimen depends
on the kinetic of recrystallization in the region with the lowest
stored energy. Therefore, in each amount of reduction, the
optimum time for completion of recrystallization can be
calculated using the kinetic result of region with the lowest
stored energy. This point can be particularly important for
determination of an appropriate annealing time for large
industrial parts.

5. Conclusion

The static recrystallization of inhomogeneously deformed
low carbon steel has been investigated at different reductions

by coupling the finite element analysis with a cellular automata
model. The deformation analysis first provides the stored
energy distribution within the cold deformed steel and then
cellular automata model predicts the kinetics of subsequent
recrystallization process. The side pressing of cylindrical
samples has been studied by the model, and the following
results have been achieved:

– The distribution of recrystallized grains is inhomogeneous
in side-pressing experiments as a result of the heteroge-
neous distribution of the stored energy and the minimum
grain size is achieved at the center of the specimen.

– At low strains, the nuclei mainly develop on the original
grain boundaries; however, by increasing deformation,
some nuclei also form within the grains.

– By comparing the modeling results and the experimental
data, it is found that the presented model can reasonably
predict the kinetics of recrystallization and recrystallized
microstructures.
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